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ABSTRACT
We report on the deepest X-ray observation of the narrow-line Seyfert 1 galaxy Mrk 335 in the
low-flux state obtained with Suzaku. The data are compared to a 2006 high-flux Suzaku obser-
vation when the source was ∼ 10× brighter. Describing the two flux levels self-consistently
with partial covering models would require extreme circumstances, as the source would be
subject to negligible absorption during the bright state and ninety-five per cent covering with
near Compton-thick material when dim. Blurred reflection from an accretion disc around a
nearly maximum spinning black hole (a > 0.91, with preference for a spin parameter as
high as ∼ 0.995) appears more likely and is consistent with the long-term and rapid vari-
ability. Measurements of the emissivity profile and spectral modelling indicate the high-flux
Suzaku observation of Mrk 335 is consistent with continuum-dominated, jet-like emission
(i.e. beamed away from the disc). It can be argued that the ejecta must be confined to within
∼ 25 rg if it does not escape the system. During the low-flux state the corona becomes com-
pact and only extends to about 5 rg from the black hole, and the spectrum becomes reflection-
dominated. The low-frequency lags measured at both epochs are comparable indicating that
the accretion mechanism is not changing between the two flux levels. Various techniques to
study the spectral variability (e.g. principal component analysis, fractional variability, differ-
ence spectra, and hardness ratio analysis) indicate that the low-state variability is dominated
by changes in the power law flux and photon index, but that changes in the ionisation state
of the reflector are also required. Most notably, the ionisation parameter becomes inversely
correlated with the reflected flux after a long-duration flare-like event during the observation.
Key words: galaxies: active – galaxies: nuclei – galaxies: individual: Mrk 335 – X-ray:
galaxies
1 INTRODUCTION
Partial-covering absorption (e.g. Tanaka et al. 2004) and blurred
reflection models (e.g. Ross & Fabian 2005) are consistently de-
bated in attempts to explain the X-ray behaviour of active galactic
nuclei (AGN). X-ray weak and low-flux observations provide the
potential to study the underlying physical processes in the absence
of the power law continuum that dominates the spectrum at high-
flux levels (e.g Gallo 2006). For example, observing AGN when
they are dimmed by extreme absorption can potentially constrain
the ionisation, column density and location of the absorber with
high precision, providing insight on the material being accreted or
expelled by the black hole system (e.g. Turner & Miller 2009). On
the other hand, observing the reflection dominated spectrum in the
low-flux state can reveal the nature of the inner accretion disc (e.g.
Reynolds et al. 2012), the physics of matter under extreme grav-
ity (e.g. Fabian et al. 2009), the geometry of the X-ray region (e.g.
Wilkins et al. 2014), and even the black hole spin (e.g. Brenne-
man & Reynolds 2006). Consequently, campaigns to catch AGN at
low-flux levels have become increasingly important (e.g. Gallo et
al. 2011a, 2011b; Fabian et al. 2012; Grupe et al. 2012, hereafter
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G12). The challenge is then to deal with the reduced signal-to-noise
that accompanies the low-flux levels.
The narrow-line Seyfert 1 galaxy (NLS1), Mrk 335 (z =
0.025785), has invited much interest in the last decade. Histori-
cally it has been known as one of the brightest X-ray sources in
the sky even detected with UHURU (Tananbaum et al. 1978), but
its departure into an x-ray weak and consistent low or moderate
flux state (e.g Grupe et al. 2008) marks what may be considered
the new normal for this active galaxy. Its lowest flux level in recent
years was about 1/30 of the previously lowest observed flux (Grupe
et al. 2007), but it is regularly only ∼ 1/10 the expected X-ray
flux given its UV brightness (G12). Despite the extremely dimin-
ished X-ray flux, Mrk 335 remains relatively bright and therefore
the source provides a unique opportunity to study the behaviour of
AGN at low flux levels with respectable signal-to-noise.
Data of Mrk 335 when the source was bright have been de-
scribed comparably well with partial covering (e.g. Tanaka et al.
2005; Longinotti et al. 2007; O’Neill et al. 2007) and blurred reflec-
tion (e.g. Ballantyne et al. 2001; Crummy et al. 2006; Larsson et al.
2008). Timing studies, in particular the lag analysis of the iron Kα
emission line in the XMM-Newton high state, strongly support the
relativistic reflection interpretation (Kara et al. 2013). The source
consistently displays a soft excess below ∼ 1 keV that has been
attributed to blurred reflection (e.g. Crummy et al. 2006), Comp-
tonisation (e.g. Patrick et al. 2011), and absorption (e.g. Middleton
et al. 2007). A snap-shot XMM-Newton observation of Mrk 335 in
the low state could be fitted with partial covering or blurred reflec-
tion (Grupe et al. 2008), but a broken power law continuum was
required when fitting with the partial covering model (Grupe et al.
2008). A longer XMM-Newton observation in 2009 caught Mrk 335
at an intermediate flux level as the AGN was transitioning from a
low- to high-flux level (G12; Gallo et al. 2013, hereafter G13). G13
demonstrated the spectral and timing results were completely con-
sistent with the blurred reflection interpretation for Mrk 335. Of
additional interest with the intermediate flux state observation was
that it was the first time, Mrk 335 exhibited the effects of a warm
absorber that was located within the broad line region and likely
coming out of the accretion disc (Longinotti et al. 2013, hereafter
L13).
Although the source flux drops regularly Mrk 335 is highly
variable and normally recovers quickly. The low-flux state of the
AGN has remained evasive until now. These new Suzaku obser-
vations from 2013 provide the deepest pointing and longest look
at Mrk 335 in the low-flux state. Observed for ∼ 300 ks over an
approximately 7 day period these data provide about 8× as many
source counts as the 2007 XMM-Newton low-flux observation and
cover an energy bandpass between ∼ 0.5− 40 keV. The data pro-
vide the opportunity to directly compare the low-flux state with
the 2006 Suzaku bright state (∼ 150 ks exposure) and examine the
low-flux behaviour of the AGN in detail.
The observations and data reduction are described in the next
section. In Section 3 the differences between the high-flux and low-
flux states are examined as we attempt to describe the spectral
changes with both blurred reflection and partial covering. Section 4
is a detailed examination of the spectral variability in the low-flux
state. Discussion and conclusions following in Section 5 and 6, re-
spectively.
2 OBSERVATIONS, DATA REDUCTION, AND MCMC
ERROR ANALYSIS
Mrk 335 has been observed with Suzaku (Mitsuda et al. 2007) on
two occasions in 2006 and 2013. Both observations will be exam-
ined here with added emphasis on the 2013 Target of Opportunity
observation that was triggered to catch Mrk 335 at a low-flux level.
The 2006 high state was the subject of a detailed analysis by Lars-
son et al. (2008). The duration of the 2006 and 2013 observations
were ∼ 3.7 and ∼ 7.7 days, respectively. With the approximate
50 per cent on-target time due to the low-earth orbit of Suzaku,
exposures are about half the duration time. A summary of the ob-
servations is provided in Table 1. The new low-flux observation
provides a considerable improvement (≈ 8× more source counts)
over the 2007 XMM-Newton snap-shot that collected only about
13000 source counts in the 0.7− 10 keV band.
During the 2013 Suzaku observation the two front-illuminated
(FI) CCDs (XIS0 and XIS3), the back-illuminated (BI) CCD
(XIS1), and the HXD-PIN all functioned normally and collected
data. The target was observed in the XIS-nominal position. In 2006,
the AGN was observed in HXD-nominal position and the third FI
CCD (XIS2) was still operational.
Cleaned event files from version 2 processed data were used in
the analysis and data products were extracted using XSELECT. For
each XIS chip, source counts were extracted from a 4.3′ circular
region centred on the target. Background counts were taken from
surrounding regions on the chip excluding the calibration source.
Response files (rmf and arf) were generated using XISRMFGEN and
XISSIMARFGEN. After examining for consistency, the data from
the XIS-FI were combined to create a single spectrum. Data below
0.7 keV and between 1.5 − 2.5 keV are not used for spectral fit-
ting given the existing calibration uncertainties in those bands. The
7.4 − 7.8 keV band is ignored in the 2013 spectral data due to the
strong background emission from Ni Kα compared to the relatively
low source flux.
The PIN spectrum was extracted from the HXD data follow-
ing standard procedures. We extracted the non-X-ray background
(NXB) from the event file obtained directly from the Suzaku Data
Center using the tuned model. The data were also corrected for de-
tector deadtime. The cosmic X-ray background (CXB) was mod-
elled using the provided flat response files. We combined the NXB
and CXB and created a total background spectrum and found that
the source is not detected in the PIN energy band at both epochs.
The earth-occulted background, which is ideally consistent with
the NXB, was also generated for a further check. We found that
the 15 − 40 keV count rate of the earth-occulted background ap-
pears lower (0.194±0.002) than that of the NXB (0.217±0.004).
When the NXB and the earth-occulted background are discrepant,
the latter should be used. We then combined the earth-occulted
background and the CXB to form a new background. The source is
effectively detected between 15 − 40 keV when adopting the new
background file and the resulting PIN exposures were 131 ks and
254 ks in 2006 and 2013, respective.
All parameters are reported in the rest frame of the source un-
less specified otherwise. The quoted errors on the model parame-
ters correspond to a 90% confidence level. Errors on the model pa-
rameters were computed by Markov chain Monte Carlo (MCMC)
calculations (see also Reynolds et al 2012, Steiner & McClintock
2012). The MCMC algorithm computes the probability distribution
of the model parameters given the data (i.e. the posterior probabil-
ity), from which both the best-fitting values and the errors can be
determined. The algorithm performs a ‘guided walk’ through the
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Table 1. Suzaku observation log for Mrk 335. The start date of the observation is given in column (1) and its duration in column (2). The telescope and
instrument used is shown in column (3) and (4), respectively. Column (5) is the ID corresponding to the observation and column (6) is the accumulated
good exposure time over the duration of the observation. Column (7) lists the approximate background subtracted source counts in the 0.7 − 10keV and
15−40 keV band for the XIS and PIN, respectively. Note the 2006 XIS observation is the summation of three FI chips whereas the 2013 observation includes
data from only two chips. The 2013 observation is continuous, but was divided in to two observational data sets.
(1) (2) (3) (4) (5) (6) (7)
Start Date Duration Telescope Instrument Observation ID Exposure Source Counts
(year.mm.dd) (Days) (s)
2006.06.21 3.7 Suzaku BI 70103010 132800 244055
FI 132800 578116
PIN 131700 4223
2013.06.11 7.7 Suzaku BI 708016010(20) 251400 42840
FI 251450 70539
PIN 254200 7697
parameter space such that the probability distributions of each of
the parameters among the chain steps match the posterior probabil-
ity distributions of the parameters.
To illustrate such a scheme, we follow the Metropolis-
Hastings algorithm (Hastings 1970), a so-called ‘walker’ is started
at a given point in the parameter space, here taken to be the best-
fitting values of the parameters found during the initial fit of the
model to the data. From this point, a random step is taken in the
parameter space with distributions in each parameter drawn from
the diagonal of the covariance matrix found during the fit (this is
the variance of each parameter). The likelihood of data given the
model with these new parameters is then computed. If this is greater
than the likelihood at the previous position (i.e. the fit to the data is
improved), the walker definitely moves to the new location. If not,
the walker moves to the new location, but only with a probability
defined by the ratio of the likelihoods at the new and old locations.
Therefore, the walker may move or the step may be rejected and the
walker may stay at the same location on any iteration. The process
is then repeated, with the walker either moving or staying put over
a defined number of steps, and the probability distribution of the
model parameters given the data is built up as the walker moves.
We use MCMC methods to determine the errors in the model
parameters as these can simultaneously and efficiently find the er-
rors in multiple parameters simultaneously and better sample the
parameter space than traditional methods, simply stepping through
parameter values, performing a fit to the spectrum at each value and
evaluating the variation in the goodness-of-fit at each stage. MCMC
methods are less vulnerable to local minima in the goodness-of-fit,
with their ergodicity meaning that they explore the full parameter
space and also less vulnerable to steep gradients in the goodness-
of-fit causing the error calculation to simply peg at the hard limits
set for the parameter.
Rather than using the Metropolis-Hastings sampler, we use
that of Goodman & Weare (2010), implemented through the EM-
CEE package in PYTHON1. The Goodman-Weare algorithm is bet-
ter able to cope with degeneracies between model parameters and
is insensitive to the absolute scaling of the probability distributions.
We trace multiple walkers through the parameter space simultane-
ously (for good sampling, the number of walkers should be more
1 We use the xspec emcee implementation of the python emcee
package for X-ray spectral fitting in xspec by Jeremy Sanders
(http://github.com/jeremysanders/xspec emcee)
than twice the number of model parameters) and the final chain is
formed by combining the steps of all the walkers. We simply as-
sume a uniform prior (i.e. make no prior assumptions about the
probability distributions of the model parameters except for their
hard limits set in the spectral fit).
The first 1000 steps of each walker’s chain are discarded to
remove bias introduced by the choice of starting location and in or-
der to test that the chains have converged, the calculations are run
320000 times to ensure they converge upon the same parameter val-
ues. Finally, in order to ensure that the walkers are adequately sam-
pling the parameter space, the rule-of-thumb is that steps should be
rejected less than 75 per cent of the time (i.e. less than 75 per cent of
the steps in the chain are simply repeats of the previous step’s val-
ues). We find that in order to properly sample the parameter space,
it is necessary to fit only the combined spectrum from the front-
illuminated XIS detectors. Attempting to fit data from the XIS and
PIN detectors simultaneously, we find, results in high repeat frac-
tions (> 99 per cent) in the Markov chains, most likely caused by
the simultaneous fit between the two data sets leading to sharp in-
creases in the likelihood function between parameter values, thus
causes the Markov chain to fail to reproduce the probability distri-
bution.
A value for the Galactic column density toward Mrk 335
of 3.56 × 1020 cm−2 (Kalberla et al. 2005) is adopted in all
of the spectral fits and abundances are from Anders & Grevesse
(1989). Luminosities are calculated using a Hubble constant of
H0=70 km s
−1 Mpc−1 and a standard flat cosmology with ΩM
= 0.3 and ΩΛ = 0.7.
3 TRACKING THE CHANGES BETWEEN THE 2006
HIGH-FLUX AND 2013 LOW-FLUX OBSERVATIONS
3.1 The spectral characteristics in the high- and low-state
Significant changes between the high-flux state and low-flux state
are clearly evident in the panels of Fig. 1. The average spectrum is
much steeper and exhibits fewer distinct features during the 2006
high-flux state. Strong curvature is seen in the 2013 low-flux ob-
servations along with strong, distinct features in the Fe Kα band
and around 0.9 keV. A power law fitted to the 2.5 − 10 keV band
in the low-state renders a much poorer fit (χ2ν ≈ 1.7) than for the
high-flux state (χ2ν ≈ 1.2).
A difference spectrum (the low-flux spectrum is subtracted
c© 2010 RAS, MNRAS 000, 1–19
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Figure 1. Left: The Suzaku spectra of Mrk 335 in a high-flux state in 2006 (blue squares) and in the 2013 low-flux state (black circles) are shown in the top
panel. There is considerable difference below 10keV, but the spectra are similar between 15 − 40 keV. The 2007 XMM-Newton low-flux state observation
is also included for comparison (orange diamonds). The low-flux spectra are identical above 2keV, but the XMM-Newton spectrum exhibits excess emission
below that energy. This excess emission could be from the ionised emitter that was present at that time (Grupe et al. 2007; Longinotti et al. 2008). The ratio
of the difference spectrum (2006 FI data – 2013 FI data) fitted with a power law (Γ ≈ 2.3) between 2 − 10 keV is shown in the lower panel. Differences
are primarily seen above 6keV and below ∼ 1.5 keV. Right: The ratio from a power law fitted between 2.5− 4keV and 8− 10 keV bands is show for the
2006 (top) and 2013 (lower) FI spectra. In addition to different photon indices and normalisations, significant curvature and sharper features are evident in the
low-flux, 2013 observation. The ratio scale is identical in both panels.
Figure 2. The lag as a function of energy at various frequencies during the
2006 (blue data) and 2013 (black data). Error bars are plotted on all points,
but in some cases are smaller than the symbol.
from the high-flux spectrum) fitted with a power law between
2.5 − 10 keV reveals significant changes in the Fe Kα band and
below about 2 keV. Despite significant changes below 10 keV the
high-energy spectrum between 15 − 40 keV is nearly identical at
both epochs.
3.2 The lag frequency analysis
To obtain additional constraints on the emission components in
Mrk 335, we study the frequency-resolved time lags. These pro-
vide a measure of the time delay between different energy bands
(e.g. Zoghbi et al. 2010, 2011; Uttley et al. 2014). Light curves in
four energy bins between 0.5 and 10 keV were produced. The time
delay as a function of frequency is calculated between each bin and
some reference band, taken in this case to be the whole 0.5−10 keV
band (excluding the band for which the lag is calculated so the noise
remain uncorrelated). The maximum likelihood method in Zoghbi
et al. (2013) was used to calculate the lags because of the gaps in
the light curves caused by the Suzaku low-Earth orbit.
Fig. 2 shows the lag-energy plots for three frequency bands for
the low- and high-flux observations. In order to directly compare
the lag results with that of Kara et al. (2013), we use the same
two frequency bins. The Suzaku observation covers slightly longer
time-scales, so we have an extra frequency bin (shown on the left in
Fig. 2). Starting with the high flux observations, the lag for the two
highest frequencies are very similar to those found in XMM-Newton
data (Kara et al. 2013). On the longest time-scales, a continuum lag
characterized by an increase with energy seem to be present, with
a possible structure at ∼ 1 keV, though not very significant.
The results for the low flux observation are interesting. The
uncertainties in the highest frequencies are large and it is not clear
whether there is any significant structure or deviation from a con-
stant. For the middle and left panels (intermediate and lowest fre-
quencies), there is a clear increase in lag with energy (i.e. hard
lags). It is intriguing to note that despite the significant difference in
the spectrum between the high and low flux observations (Fig. 1),
the low frequency lags do not seem to change. The low frequency
lags are usually interpreted as continuum lags that are intrinsic to
the power law spectral component. This is how they were inter-
preted in the high flux XMM-Newton observation (Kara et al. 2013).
If the primary component has indeed diminished in the low state as
is often suggested in blurred reflection models, the fact we observe
the lag in the low-flux data indicates the power law lag is being
echoed in another spectral component.
3.3 Principal component analysis
To investigate the spectral variability between the high and low
states in Mrk 335 in a model-independent manner we use principal
component analysis (PCA).This is a powerful method for extract-
ing the spectra of multiple spectral components from a variable
c© 2010 RAS, MNRAS 000, 1–19
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Figure 3. First (top, black) and second (bottom, red) principal components
returned from PCA of Mrk 335 when all data (both low and high states) is
used.
source (Kendall 1975). We use the singular value decomposition
(SVD, Press et al. 1992) based PCA code described in Parker et al.
(2014a) to compute the principal components. We follow the same
method as Parker et al. , but we use 100 logarithmic energy bins to
show narrow features and longer intervals of 30 ks to compensate
for the lower count rate, particularly in the low state.
We find two highly significant components in our analysis,
with the first component responsible for ∼ 98 per cent of the vari-
ability and the second ∼ 0.7 per cent, with the remainder indistin-
guishable from noise. The spectra of these components are shown
in Fig. 3. The primary component, which corresponds to the bulk
of the variability in the state change, shows a general decrease with
energy and a narrow iron line at 6.4 keV. Normally, the effect of a
narrow emission line is to suppress the spectral variability at that
energy (pushing the component towards zero), as distant reflection
is relatively invariant. In this case, however, the line appears to be
enhanced rather than damped in the primary component. This is
probably due to the large interval (7 years) between observations,
so some variability can be seen in the iron line - A higher continuum
flux should correspond to more distant reflection being observed in
general.
The normalizations of the two components split the dataset
cleanly into the two states. In Fig. 4 we plot the component normal-
isations against each other, for each of the input spectra. This helps
to shed light on the role of the second component, which is most
strongly variable in the low state. This component is clearly anti-
correlated with the primary component in the low state, as shown in
the inset, and its main role is therefore likely to be as a correction to
the primary component, such that it reproduces the dominant vari-
ability mechanism in the low state. By subtracting this second com-
ponent from the first, the low energy variability will be suppressed,
and the high energy variability enhanced, making it appear more
like the primary component found from PCA of just the low state
(see Section 4.2). The sharp feature around 9 keV appears to be due
to noise, and disappears when the data is more highly binned.
We note the difference in the components returned here from
those found in NGC 1365 (Parker et al. 2014b). NGC 1365 shows
very strong evidence of both partial-covering absorption and rel-
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Figure 4. Normalizations of the two PCs for each of the 30 ks input spectra.
PC1 cleanly divides the data into the two states, and is responsible for the
vast majority of the variability (note the different axis scales). In the low
state PC2 anitcorrelates strongly with PC1, but there appears to be no such
correlation in the high state. The inset shows a zoom in on the low state
points, and a simple linear fit.
ativistic reflection(Risaliti et al. 2013), however the variability is
dominated by changes in the column density and covering fraction
of the absorber (Walton et al. 2014). As a result, the components
returned from PCA of that source showed a clear and sharp absorp-
tion edge at 7 keV. This is also seen in simulations, and in other
sources with strong absorption variability (Parker et al., submit-
ted). The absence of such features here suggests that absorption is
not the dominant cause of the long-term spectral variability in this
source.
3.4 Blurred reflection fits for the multi-epoch spectral data
The blurred reflection model has been very successful in fitting
many Seyferts and NLS1s including Mrk 335 (e.g. Larsson et al.
2008; G13; Walton et al. 2013). In this section we examine if the
average high- and low-flux spectra can be fitted with self-consistent
blurred reflection models. We consider a simple geometry where
the primary X-ray source seen by the observer, modeled as a power
law with a high-energy exponential cutoff, also irradiate the ac-
cretion disc. Some of the emission striking the accretion disc is
backscattered into the observers line-of-sight creating a reflection
spectrum (e.g. Ross & Fabian 2005) that is blurred by dynamics in
the disc and relativistic effects close to the black hole (e.g. Fabian
et al. 1989; Laor 1991; Brenneman & Reynolds 2006).
The photon index and normalisation of the primary power law
is free to vary at each epoch while the cutoff energy is fixed at
300 keV. Recent NuSTAR observations of Mrk 335 (Parker et al.
2014), contemporaneous with the low-flux Suzaku observation pre-
sented here find no evidence of the cutoff being at E < 200 keV,
therefore fixing it to a high energy well outside the the Suzaku PIN
band is reasonable.
The backscattered emission from the disc is modeled with the
c© 2010 RAS, MNRAS 000, 1–19
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REFLIONX model in XSPEC. The iron abundance is free to vary,
but is linked between the two flux states. We consider scenarios in
which only the ionisation parameter (ξ = 4πF/n where n is the
hydrogen number density and F is the incident flux) or the model
normalisation are allowed to vary at each epoch. These provide rea-
sonable fits, but better models are obtained when both parameters
are free to vary in each spectrum. This emission component is then
blurred for relativistic effects using the KERRCONV model (Bren-
neman & Reynolds 2006). The dimensionless black hole spin pa-
rameter (a = Jc/GM2 where J is the angular momentum of the
black hole of mass M ) and the disc inclination (i) are linked be-
tween the two epochs as they are not expected to vary. The disc
is assumed to extend down to the inner most stable circular orbit
( rISCO) and the disc emissivity profile is described with a broken
power law index (ǫ ∝ r−q). The emissivity profile between rISCO
and the break radius (Rb) is described by qin and beyond Rb the in-
dex is described by qout. Various combinations are attempted to fit
the emissivity profile, but the multi-epoch data are most efficiently
fit when qout = 3 and the break radius is fixed at Rb = 6 rg.
A second REFLIONX component that is not blurred and whose
flux remains constant at both epochs is also included to mimic
emission from a distant reflector like the torus. The component
would produce the narrow Fe Kα emission line at 6.4 keV and
contribute flux to the 20 − 40 keV band via the Compton hump.
The ionisation parameter of this distant reflector is fixed at ξ =
1 erg cm s−1 and the iron abundance is set to the solar value.
Adopting a solar iron abundance for the distant torus is not un-
reasonable without evidence to the contrary. The iron abundance
close to the black hole is often seen to be super-solar in the inner
regions of the accretion disc for various possible reasons like the
radiative levitation of iron ions in the disc (Reynolds et al. 2012)
or the effects of returning radiation in the inner disc (Ross, Fabian
& Ballantyne 2002), but the abundances may or may not need be
so high at larger distances like in the broad line region or warm
absorber (e.g. Komossa & Mathur 2001; Leighly & Moore 2004;
Fields et al. 2005; L13). The photon index of the power law source
illuminating the torus is fixed at Γ = 1.9. The torus likely sees a
different power law photon index than the observer or the inner disc
because of different lines-of-sight through the corona. In addition,
given the large light travel time delays the torus is probably not
sensitive to rapid changes in Γ that would influence the inner disc.
Therefore the photon index of the power law illuminating the torus
is fixed to the average photon index observed over long-term moni-
toring of Mrk 335. These assumptions simplify the fitting, but have
little influence on the overall spectral model since the component is
secondary to the power law and/or blurred reflector, and since the
PIN data are of modest quality. Note that Walton et al. (2013) and
Parker et al. (2014) treat the distant reflector in Mrk 335 differently
than how we have done here, but the results are comparable.
Furthermore, the emission from the torus could have varied
over the seven years between observations and there is some ev-
idence to support this in the multi-epoch PCA (Fig. 3). However,
no significant variability was seen in the spectral analyses (e.g. see
Table 2), likely due to signal-to-noise, so the component is linked
for much of the analysis.
The described model produces a reasonable fit to to both spec-
tra, but there are noticeable residuals in the low-flux spectrum. An
excess is seen at approximately 0.9 keV that could be well repro-
duced by the addition of a narrow (σ = 1 eV) Gaussian profile
(∆χ2 = 16 for 2 additional fit parameters: energy and normali-
sation). The ∼ 0.9 keV feature was not required in the high-flux
spectrum with the normalisation being consistent with zero when
a Gaussian profile was included. The emission feature is compara-
ble in flux and energy to that reported by Grupe et al. (2007) dur-
ing the 2007 low-flux state XMM-Newton snap-shot observation of
Mrk 335.
The residuals to this model portray an absorption-like fea-
ture at approximately 7 keV in the low-flux spectrum that could
arise from highly ionised iron in a warm absorber. Longinotti et
al. (2013) modeled the complex absorption seen in the intermedi-
ate flux-state of Mrk 335 with a triple-zone warm absorber. These
absorbers were then included by G13 when they analyzed the con-
tinuum of Mrk 335 during the intermediate flux state. The hottest
absorber in the L13 model would generate features at the observed
energies. The inclusion of the hottest absorber with its parameters
fixed to the values found by G13 (and consistent with L13) was a
statistical improvement (χ2ν/dof = 1.10/3611), however includ-
ing all three of the L13 warm absorbers did not enhance the fit
further. Allowing the column density (NH) and ionisation parame-
ter of the hottest absorber to vary did not significantly improve the
fit either (∆χ2 = 4 for 2 addition fit parameters). Adding warm
absorbers to the high-flux spectrum was unnecessary in agreement
with previous studies of Mrk 335 in the high-flux state (e.g. Larsson
et al. 2008; L13).
Analysing the fit in more detail reveals a possible degener-
acy between the iron abundance and the spin parameter. Indeed the
error analysis converges on two possible combinations of these pa-
rameters. To examine this further the described reflection model
was fitted to the high-flux and low-flux state separately. The fits to
the high- and low-flux states are comparable in all ways (Table 2)
except that each flux-level is better fit with a different combination
of iron abundance and spin parameter. Fig. 5 highlights the discrep-
ancy showing that slightly more extreme values of spin and iron
abundance are required in the low-flux spectrum. Notably, both fits
require an iron overabundance compared to solar and the black hole
spin that is near maximum (> 0.9).
It must be emphasized that the degeneracy appears to exist
between the iron abundance and spin parameter, and the influence
on the determination of other model parameters appears negligible
(e.g. compare the parameters in Table 2 and Table 3). This mild de-
generacy does not adversely influence other spectral analyses, such
as the emissivity profile analysis. Uncertainties in the iron abun-
dance do not affect the accuracy of the measured accretion disc
emissivity profiles. An increased iron abundance improves the sta-
tistical constraint on the emissivity measured from the iron Kα line,
with a greater number of photon counts to constrain the contribu-
tion from each part of the disc, but since the narrow iron line is
convolved with the relativistic blurring kernel, an under- or over-
estimate of the iron abundance affects only the overall normalisa-
tion of the emissivity profile, not the measured shape of the profile
which reveals the geometry of the corona.
Since neither the spin nor iron abundance should vary over
these observed time scales, in attempt to achieve a consistent model
both epochs were fitted simultaneously while fixing the spin param-
eter to the different best-fit value found in the low- and high-flux
state. A slightly better fit (χ2ν = 1.10 versus 1.14 for the same
number of free parameters) was found when the multi-epoch spec-
tra were matched with the higher spin value (a = 0.995) rather than
the lower spin value (a = 0.934). This combined fit is presented in
Fig. 6 and Table 3.
The blurred reflection model is able to describe the average
high- and low-flux states of Mrk 335 relatively well. The well
known flattening of the primary continuum with diminishing flux is
observed. At low-flux levels Mrk 335 is reflection dominated with
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Table 2. The blurred reflection model fitted independently to the high- and low-flux Mrk 335 spectra. The model components and model parameters are listed
in Columns 1 and 2, respectively. Columns 3 and 4 list the parameter values during the 2006 high state and 2013 low state, respectively. The superscript f
identifies parameters that are fixed. The inner disc radius (Rin) is assumed to be fixed at the innermost stable circular orbit. The reflection fraction (R) is
approximated as the ratio of the reflected flux over the power law flux in the 0.1−100keV band. Fluxes are corrected for Galactic absorption and are reported
in units of erg cm−2 s−1 .
(1) (2) (3) (4)
Model Component Model Parameter 2006 2013
High-flux Low-flux
Warm Absorber NH (×1023) 0.622f
logξ [ erg cm s−1 ] 3.31f
vout (km s−1 ) 1800f
Incident Γ 2.18± 0.01 1.92± 0.05
Continuum Ecut ( keV) 300f 300f
F0.5−10keV 2.67± 0.02× 10
−11 9.67+0.76
−1.22
× 10−13
Blurring qin 6.2+2.5−1.0 7.8
+0.9
−1.1
a 0.934+0.037
−0.017
> 0.991
Rb ( rg) 6f 6f
qout 3f 3f
i (◦) 59+7
−3
58+4
−6
Blurred Reflector ξ ( erg cm s−1 ) 71+12
−13 13
+7
−5
AFe (Fe/solar) 1.9+0.3−0.2 6.7+0.8−1.4
F0.5−10keV 6.48
+3.71
−1.22
× 10−12 2.54+1.73
−0.78
× 10−12
R 0.33± 0.02 8.2± 1.2
Distant Reflector ξ ( erg cm s−1 ) 1.0f 1.0f
AFe (Fe/solar) 1.0f 1.0f
Γ 1.9f 1.9f
F0.5−10keV 7.73
+1.22
−1.08 × 10
−13 7.84+1.08
−0.40 × 10
−13
Additional E ( eV) 886 ± 16
Gaussian σ ( eV) 1f
F0.5−10keV 1.45
+0.40
−0.70
× 10−14
Fit Quality χ2ν/dof 1.09/1895 1.01/1582
a reflection fraction of R = 8.2 ± 1.2 (where R is the ratio of the
reflection and power law component in the 0.1 − 100 keV band).
The high value of R is in agreement with the higher spin value of
a = 0.995 according to simulations by Dauser et al. (2014). In
comparison, during the bright state R = 0.34 ± 0.02. In accor-
dance, the emissivity profile is steeper in 2013 indicating the X-ray
emission is originating from a more compact region and the con-
tinuum is more influenced by light bending than in the high-flux
state.
The particularly lowR during the high-flux state suggests that
in a lamp post geometry the primary X-ray source is at a large
distance from the accretion disc. The blurring model KERRCONV
is replaced with the RELCONV LP (Dauser et al. 2013) that cal-
culates an emissivity profile for the disc based on the height of
the source above it. The source height above the disc (h) is one
of the measured model parameters. Fitted to the high-flux state of
Mrk 335, the RELCONV LP blurring model generates comparable
results and quality of fit as the model in Table 2 (χ2ν = 1.11). The
height of the primary X-ray source above the disc is measured to
be h = 23+6
−4 rg. In contrast, applying the same model to the low-
flux spectra (χ2ν = 1.17) results in an upper-limit of h < 4 rg
for the height of the X-ray source and is consistent with the values
measured in the NuSTAR observation (Parker et al. 2014).
3.5 The Emissivity Profile of the Reflection Spectrum
Having established that blurred reflection models describe well the
high- and low-flux spectra self-consistently, we investigate more
closely the relativistically blurred reflection spectrum and the un-
derlying changes that caused the transition from high to low flux
by measuring the emissivity profile of the accretion disc; that is the
reflected flux as a function of radius on the disc, revealing how the
accretion disc is illuminated by the corona.
We employ the method of Wilkins & Fabian (2011) to com-
pute the emissivity profile, dividing the blurred reflection spectrum
into the contributions from successive radii in the disc, described by
the REFLIONX model, convolved with the KDBLUR blurring kernel
in which the inner and outer radius parameters are set accordingly
for each annulus and each has a flat emissivity profile. The incli-
nation of the accretion disc (for all annuli) is set to the best fitting
value found in the previous fit to the full spectrum, so too are the
iron abundance and ionisation parameter of the accretion disc. Also
included in the spectral model is the unblurred reflection from dis-
tant material and intrinsic absorption by the outflowing material,
again with parameters set to the best-fitting values found above.
The normalisation (i.e. the contribution) of each annulus to the re-
flection spectrum is found by minimising χ2, fitting this model to
spectrum over the 3-10 keV energy range, dominated by the promi-
nent iron Kα emission line. In order to constrain the emissivity pro-
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Table 3. The best-fit blurred reflection model fitted simultaneously to the high- and low-flux Mrk 335 spectra. The model components and model parameters
are listed in Columns 1 and 2, respectively. Columns 3 and 4 list the parameter values during the 2006 high state and 2013 low state, respectively. The
superscript f identifies parameters that are fixed and the superscript l indicates the parameter is linked to the other flux state. The inner disc radius (Rin) is
assumed to be fixed at the innermost stable circular orbit. The reflection fraction (R) is approximated as the ratio of the reflected flux over the power law flux
in the 0.1− 100 keV band. Fluxes are corrected for Galactic absorption and are reported in units of erg cm−2 s−1 .
(1) (2) (3) (4)
Model Component Model Parameter 2006 2013
High-flux Low-flux
Warm Absorber NH (×1023) 0.622f
logξ [ erg cm s−1 ] 3.31f
vout (kms−1 ) 1800f
Incident Γ 2.22± 0.02 2.05+0.03
−0.07
Continuum Ecut ( keV) 300f 300l
F0.5−10keV 2.72 ± 0.03× 10
−11 1.02+0.02
−0.04
× 10−12
Blurring qin 5.5+0.4−0.7 8.3
+0.4
−0.8
a 0.995f 0.995l
Rb ( rg) 6f 6f
qout 3f 3f
i (◦) 60+2
−3 60
l
Blurred Reflector ξ ( erg cm s−1 ) 56+4
−6
3+3
−2
AFe (Fe/solar) 4.2+0.8−0.3 4.2l
F0.5−10keV 5.68
+1.50
−0.94 × 10
−12 2.63+1.40
−0.71 × 10
−12
R 0.34± 0.02 8.2± 1.2
Distant Reflector ξ ( erg cm s−1 ) 1.0f 1.0f
AFe (Fe/solar) 1.0f 1.0f
Γ 1.9f 1.9f
F0.5−10keV 8.00
+0.53
−0.38
× 10−13 8.00l
Additional E ( eV) 883 ± 27
Gaussian σ ( eV) 1f
F0.5−10keV 1.46± 1.08× 10
−14
Fit Quality χ2ν/dof 1.10/3611
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Figure 7. The emissivity profiles of the accretion disc in Mrk 335 during the high-flux (left) and low-flux (right) observations with Suzaku. The emissivity
profiles are calculated by decomposing the blurred reflection spectrum into the contributions from successive radii and finding the best-fitting normalisation
of the reflection spectrum from each annulus, following the method of Wilkins & Fabian (2011). Error bars correspond to 1σ and are computed from Monte
Carlo calculations of the probability distribution of each normalisation.
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Figure 5. The contour plot showing the dependency between iron abun-
dance and black hole spin parameter during the high-flux (dashed curves)
and low-flux (solid curves) observations. The grid contours are for a delta
fit statistic of 2.3, 4.61, and 9.21. Both fits favour an iron overabundance
and high black hole spin, but the best-fit combination differ for both data
sets.
file of the inner part of the disc, particularly over the range 5−20 rg,
it is necessary to also fit over the range 3− 5 keV, thereby exclud-
ing the core of the line dominated by the outer parts of the disc,
> 20 rg (see Wilkins & Fabian 2011 for a full discussion). Errors
are computed by performing a Markov Chain Monte Carlo calcu-
lation to obtain the probability distribution of the normalisation of
the reflection from each annulus, starting from the best-fitting val-
ues found by minimising χ2.
Fig. 7 shows the measured emissivity profiles of the accretion
disc during the high- and low-flux states and it is clear that there is
a significant difference in the illumination of the accretion disc by
the corona between the two observations. In both cases, the emis-
sivity profile falls off steeply over the innermost part of the disc,
with a profile approximating r−9 out to r ∼ 3 rg, as expected for
the illumination of the inner parts of an accretion disc around a
black hole. The emission reaching the innermost parts of the disc
is enhanced by gravitational light bending, focusing rays towards
the black hole, as well as time dilation, with observers closer to the
black hole measuring more flux from the corona as their time is
slowed with respect to those further out, and the emissivity profile
is defined in the rest frame of the material in the disc (Wilkins &
Fabian 2012, Miniutti et al. 2003, Suebsuwong et al. 2006).
During the low-flux state, we see that the emissivity flattens
off, with ǫ ∼ r−2 to around r ∼ 5 rg, from where the emissivity
profile falls off as r−3 over the outer part of the disc. Wilkins &
Fabian 2012 show that such an emissivity profile is expected if the
accretion disc is illuminated by a relatively compact corona, con-
fined within 5 rg of the black hole.
On the other hand, during the high-flux state, the emissivity
profile falls off steeply to r ∼ 3 rg, from where it simply falls as
r−2 over the outer part of the disc. The calculations of Wilkins &
Fabian 2012 suggest that such a profile might be expected in the
case of a collimated jet-like corona emerging perpendicular to the
plane of the accretion disc and extending several tens of gravita-
tional radii. This causes an approximately r−2 fall-off in the emis-
sivity profile with a slight steepening at a radius approximately co-
inciding with the vertical extent of the corona, which can be hard
to measure if it occurs far out in the disc (as we would expect for a
greatly extended corona).
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Figure 6. Top panel: The blurred reflection model is shown over the
0.5− 100 keV band. The blue and black solid curves are the overall 2006
and 2013 models, respectively. The orange dot-dashed curve is the reflec-
tion component from the distant reflector that is identical at both epochs.
The black dashed curves are the reflection and power law component in
2013. The 2013 spectrum also includes a single warm absorber similar to
the hottest absorber in L13. The spectrum is reflection dominated in the
low-flux state and power law dominated in the high-flux state (blue dotted
curves). Lower panel: The data/model ratio in the high-flux state (top panel)
and low-flux state (lower panel).
The measured emissivity profiles of the accretion disc dur-
ing both the high- and low-flux states show that the drop in flux
is associated with a collapse in the X-ray emitting corona from an
extended jet-like configuration in the case of Mrk 335 to a con-
fined region within just a few gravitational radii of the black hole.
This is consistent with the observations of Fabian et al. (2012) who
find that the extremely low flux state into which the NLS1 galaxy
1H 0707−495 was observed to drop in 2011 could be explained by
a similar collapse in the corona, in this case to within just 2 rg of
the black hole and is a more abrupt version of the continuous vari-
ation in the extent of the corona as the X-ray flux varies, reported
by Wilkins et al. (2014).
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3.6 Partial covering models for the multi-epoch spectral data
An often advocated alternative to the blurred reflection model for
Mrk 335 is the partial covering model (e.g. Grupe et al. al. 2007,
2008). In this scenario the observed spectral changes and behaviour
arise from changes in a line-of-sight absorber (e.g. Tanaka et al.
2004) and do not necessarily require the primary emitter to have al-
tered. A simple ionised, double partial covering model (e.g. ZXIPCF
in XSPEC) resulted in poor fit, but it was useful to highlight impor-
tant aspects for fitting the model. To fit the spectra self-consistently
the models required a very steep power law continuum (Γ ≈ 2.4)
arising from the strong soft excess in Mrk 335. The absorbing
medium was likely Compton-thick in the low-flux state as it re-
quired a column density NH > 2 × 1024 cm−2 . Thirdly, the nar-
row Fe Kα emission line and excess emission in the PIN band re-
quired explanation, and could be consistent with a Compton thick
absorber. The need for a Compton-thick absorber was also sup-
ported with the absorber diagnostic diagram of Tatum et al. (2013),
where the measured hardness ratio (defined as the ratio of the fluxes
in the 15 − 50 keV and 2 − 10 keV bands) of HR ≈ 5.5 in the
low-flux state would require about 90 per cent covering of the pri-
mary source by a neutral, Compton-thick medium. In the high-flux
state the covering fraction was negligible (HR ≈ 1). With these
points in mind a more realistic absorption model was generated.
Rather than modelling the primary continuum with a simple
cutoff power law the Comptonisation model OPTXAGNF (Done
et al. 2012) was adopted. In addition to the traditional high-
temperature, optically-thin corona that generates the hard power
law, OPTXAGNF includes emission from a second, cooler Comp-
tonising layer associated with the accretion disc that can imitate
the soft excess in AGN. The inherent curvature in the OPTXAGNF
model diminishes the need to reproduce the spectral curvature
strictly with the ionised absorption alone, thus making spectral
fitting easier. Patrick et al. (2011) have previously used a double
Comptonisation model (COMPTT + POWERLAW in XSPEC) to de-
scribe the soft excess and hard continuum in Mrk 335, so such an
approach is not original.
The optxagnf model does generate the hard power law
emission from the traditional corona, however the normalisation
of this parameter is set to zero in this work (specifically the pa-
rameter fpl = 0) and it is replaced with a cutoff power law with
Ecut = 300 keV. The reason is the cutoff in the hard component
in optxagnf is fixed at 100 keV, which would introduce curva-
ture in the PIN spectrum even if Mrk 335 is only detected up to
40 keV. The 2006 high-flux spectrum of Mrk 335, when the ab-
sorption seems negligible, does not seem to require a low-energy
cutoff so we assume the same is true at both epochs.
The model also utilizes the black hole mass (MBH = 2.6 ×
107M⊙) and Eddington luminosity ratio (L/LEdd = 0.62), which
are adopted from Grier et al. (2012) and Gierlin´ski & Done (2004),
respectively. The distance (D) is taken to be 103Mpc. The coronal
radius (Rcor) and outer disc radius (Rout) are also kept fixed during
data modelling as allowing them to vary did not enhance the fits.
The black hole spin parameter was not well constrained when left
free to vary, but it did significantly influence the fit quality. As such
three different fits were attempted with the spin parameter fixed
at a = 0, 0.5, and 0.998. The model with a non-rotating black
hole was a significantly better fit to the data than the other models
invoking higher spin, hence the parameter was set to a = 0.
The requirement of potentially Compton-thick absorption in
the low-flux state motivated the adaptation of the MYTORUS model
(Murphy & Yaqoob 2009) to describe the absorption and repro-
Figure 8. Depiction of the partial covering scenario proposed for Mrk 335.
The primary X-ray emission arises from the traditional corona shown as a
halo around the black hole and second Comptonising component attributed
to the inner disc (shown in orange) that reproduced the soft excess shape in
the spectrum. Optically thick clouds in the line of sight obscure some of the
primary emission, but as the source is not entirely covered there is a direct
(unabsorbed) component that reaches the observer. Clouds out of the line
of sight contribute to the scattered and reflected emission that can repro-
duce the Fe K emission lines and Compton hump. The primary difference
between the two flux states present here is there are no obscuring clouds in
the line-of-sight during the high-flux state in 2006 (i.e. the covering frac-
tion is 0) whereas the covering fraction is ∼ 96 per cent in the low-flux
state (see Table 4).
cessing of the partial covering absorber in a self-consistent manner.
Specifically, the decoupled mode example described by Yaqoob
(2012) for NGC 4945 is adopted to mimic a patchy absorber cov-
ering the primary X-ray source. The principal difference between
the Yaqoob (2012) model for NGC 4945 and that proposed here for
Mrk 335 is that the X-ray emitting region is larger than the obscur-
ing clouds and thus can be partially covered (see Fig. 8 compared to
figure 2 of Yaqoob 2012). In this scenario the non-variable primary
source (modelled with OPTXAGNF) is surrounded by a clumpy dis-
tribution of absorbers and the observed spectrum is generated from
three different processes that occur in this clumpy medium. The
model includes: (i) emission that transverses material in the line-
of-sight (transmitted emission); (ii) reflection of the intrinsic con-
tinuum by material out of the line-of-sight; and (iii) scattering emis-
sion from material in the line-of-sight. The two latter components
are each associated with their own fluorescent line emission (Fe Kα
and Fe Kβ) and Compton hump emission at E > 10 keV, thus can
offer a natural explanation for the spectral features in Mrk 335.
For simplicity, the column densities of each absorber are linked,
but could be allowed to vary to reproduce more complex medium.
The specific MYTORUS table used is for a plasma temperature of
50 keV. In addition, we include a direct component that reaches the
observer without interacting with any obscuring clouds (Fig. 8).
The model can approximately describe the differences be-
tween the two epochs as arising from changes in the covering frac-
tion of the direct line-of-sight absorber (χ2ν/dof = 1.31/3616).
The scattered and reflected components are constant between the
two epochs and the reflected component is negligible compared to
the scattered emission. For the high-flux state the model reason-
ably accounts for the iron line emission and PIN emission. How-
ever, as with the blurred reflection model, residuals remain in the
low-flux state. The addition of a narrow (σ = 1eV) emission
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Table 4. The best-fit absorption model for the high- and low-flux Mrk 335 spectra. The model components and model parameters are listed in Columns 1 and
2, respectively. Columns 3 and 4 list the parameter values during the 2006 high state and 2013 low state, respectively. The superscript f identifies parameters
that are fixed and the superscript l indicates the parameter is linked to the other flux state. The scattering and reflecting absorbers each have corresponding line
emission component. These are not listed specifically since their parameters are identical to their corresponding absorber. A is the scaling factor and Cf is the
covering fraction.
(1) (2) (3) (4)
Model Component Model Parameter 2006 2013
High-flux Low-flux
Warm Absorber NH (×1023) 6.39± 4.29
logξ [ erg cm s−1 ] 3.13± 0.11
vout ( kms−1 ) 3060+0−3060
Incident Γ 1.62± 0.09 1.62l
Continuum Ecut ( keV) 300f 300l
kT ( keV) 1.97± 0.72 1.97l
τ 3.75± 0.88 3.75l
MBH (M⊙) 2.6× 107f 2.6× 107l
logL/LEdd −0.27f −0.27l
D ( Mpc) 103f 103l
a 0f 0l
Rcor ( rg) 10f 10l
log(Rout) [ rg] 5f 5l
F0.5−10keV 6.74± 0.03 6.74
l
(×10−11 erg cm−2 s−1 )
Line-of-sight NH (×1023) 5.74l 5.74± 0.04
Absorber Cf 0f 0.96± 0.01
Scattering NHS90 (×1023) 0.69l 0.69± 0.07
Absorber τS90 0.104l 0.104+0−0.003
AS90 810
l 810± 348
Reflecting NHS0 (×1023) NHS90 NHS90
Absorber τS0 τS90 τS90
AS0 69
l < 69
Additional E ( eV) 890 ± 20
Gaussian σ ( eV) 1f
F0.5−10keV 1.80
+0.51
−0.56 × 10
−14
Fit Quality χ2ν/dof 1.22/3612
line at E ∼ 0.9 keV in the low state is a significant improvement
(∆χ2 = 86 for the 2 additional fit parameters energy and normal-
isation). The absorption-like feature at about 7 keV appears deeper
in this model. The hottest absorber used in L13 and G13 was in-
troduced to fit the high energy residuals. Allowing the parameter
of this component to vary produced a significantly improved fit
(∆χ2 = 246 for the 3 additional fit parameters column density,
ionisation and redshift). Introducing all three warm absorbers used
by L13 did not significantly improve the fit further even if all pa-
rameters were allowed to vary freely.
The picture described reproduces the high-flux state very well,
but not the low-flux spectrum (χ2ν/dof = 1.22/3612) as signifi-
cant excess residuals are seen between 3−6keV and 10−40 keV.
The similarity in the high- and low-flux spectra above 10 keV and
similar flux of the narrow iron line suggests that the primary con-
tinuum and emitters of the scattered/reflected components do not
vary significantly between the two epochs. The line-of-sight ab-
sorption is very different as 96 per cent of the primary continuum
is absorbed by nearly Compton-thick material in the low-flux state,
where as the high-flux state is unobscured. The final model and fit
parameters are presented in Fig 9 and Table 4.
The partial covering fit can certainly be improved in a number
of ways. For example, adding two more partial covering absorbers,
one that is ionised and one that is neutral, improves the fit quality
significantly (∆χ2 = 222 for 5 additional free parameters and a
χ2ν = 1.16). Still more absorbers could be added to improve the
fit quality further, but degeneracies are an obvious concern. While
any absorber in the vicinity of the black hole is likely to be com-
plex and exhibit density, temperature, and ionisation gradients it
becomes impossible to justify adding more components without ev-
idence like that which may eventually become available with future
calorimeter data.
The current partial covering model adopts a rigid assumption
that the X-ray continuum (power law and soft Comptonisation) is
non-variable over the seven years between observations. Allowing
the continuum components to differ in the high- and low-flux states
significantly improves the overall partial covering fit (∆χ2 = 302
for 4 additional free parameters and a χ2ν = 1.13). The differ-
ences in the soft Comptonisation component are negligible between
the two flux levels. The temperature and optical depth are approx-
imately kT ≈ 1.4 keV and τ ≈ 4.5, respectively at both epochs.
This is predictable when viewing residuals in Fig. 9 that show the
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Figure 9. Top panel: The partial covering model is shown over the
0.5 − 100keV band. The blue and black solid curves are the overall
2006 and 2013 models, respectively. The high-flux state is completely un-
absorbed and the direct Comptonisation continuum is shown as the blue
dashed curves. There is scattered emission that is responsible for the narrow
Fe K line emission and some emission above ∼ 10 keV. This component
is comparable at both epochs (orange dot-dashed curve). The fluorescent
emission originating from the reflected component is modelled, but is neg-
ligible in both spectra. The black dot-dashed curve is the Comptonisation
continuum that is absorbed in the line-of-sight along with some (∼ 5 per
cent) unabsorbed primary emission (black dashed curves). An emission line
at E ∼ 0.9 keV is included in the low-flux state. There is also a warm ab-
sorber included in the low-flux spectrum, but it is not shown for reasons of
clarity. Lower panel: The data/model ratio in the high-flux state (upper) and
low-flux state (lower).
spectra are well fit with the same continuum model below∼ 2 keV.
The difficulty for the model arises in simultaneously addressing the
2 − 6 keV curvature and the high flux above 15 keV. To achieve
this the model requires an inverted power law (Γ = 0.7 ± 0.1) in
the low-flux state. Such spectra have not been reported before for
radio-quiet AGN and seem unphysical.
3.7 Partial covering of the blurred reflection spectrum
There is the alternative possibility that when bright the X-ray emit-
ting region in Mrk 335 is dominated by compact coronal emission
and blurred reflection, however the excursions to low-flux levels
is driven by partial covering absorption. Such hybrid models are
rather complex and push the limits of what can be reasonable dis-
cerned from current models and data quality.
The reflection spectrum for Mrk 335 in the 2006 high state
(Table 3) is adopted as the intrinsic continuum for the low-flux state
in 2013. Applying the partial covering model (and warm absorber),
as in Section 3.6, while preserving the continuum did not result in
a good fit to the low-flux spectra (χ2ν = 1.42). As discussed in the
previous section, maintaining the continuum constant over 7 years
is a rigid demand. Therefore, the data are refit while allowing the
power law continuum parameters (normalisation and photon index)
and the reflection parameters (ionisation parameter and normalisa-
tion) to vary as well as the absorbers. The blurring parameters are
initially kept fixed to the average values.
The model results in a reasonable fit of the data (χ2ν/dof =
1.12/3609). In this scenario, the low-flux state is achieved through
considerable variability of continuum components that are sig-
nificantly covered (≈ 96 per cent) by a Compton-thick medium
(NH ≈ 6 × 1024 cm−2 ). As with other models, the challenge
is once again to simultaneously describe the curvature between
2 − 6 keV and the high flux in the PIN band during the low-flux
state. To accommodate, the power law flattens substantially from
Γ ≈ 2.2 in the high state to Γ ≈ 1.5 in the low state. As previ-
ously mentioned, the spectrum seems particularly hard for a radio-
quiet AGN. However, the flatter intrinsic spectrum has the net ef-
fect of increasing the flux across the band, and also flattening the
reflection component. Consequently, the spectrum at high energy
is dominated by the blurred reflection component and in turn the
reflection fraction is high (R ≈ 3.5 compared to 0.32 in the high
state), rendering the spectrum reflection dominated.
Partial covering of a blurred reflection spectrum can account
for the low state in Mrk 335, but only with significant changes to
the X-ray emitting components, which may be unrealistic. In such
a scenario the corona would need to collapse to a few gravitational
radii to reproduce the reflection dominated spectrum. In order to
partially cover the compact source requires the Compton-thick ab-
sorber to be confined to within a similarly small region, which is
challenging (Reynolds 2012).
4 DETAILED EXAMINATION OF THE LOW-FLUX
STATE
The 2013 Suzaku pointing of Mrk 335 marks the longest expo-
sure of the AGN in its low-flux state and the variability in these
data are examined in detail here. Given the difficulties in explain-
ing the multi-epoch data and the low-state with partial covering in
this (Section 3.6) and previous works (e.g. G12), concentration will
be placed on discussing the intra-observation variability in the low
state in terms of the blurred reflection model.
4.1 Rapid variability
The 0.6 − 10 keV light curve of Mrk 335 is displayed in Fig. 10
with the data in orbital bins (5760 s). The broadband light curve
exhibits significant variability over the observation with the most
distinguishing event being a “flare” approximately 300 ks from the
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Figure 10. Top panel: The 0.6 − 10 keV XIS light curve of Mrk 335
during the low-flux state observation in 2013. The data are binned on orbital
time scales (5760 s). The black line connecting the data points is simply to
guide the reader. The vertical dashed lines mark time segments that will be
analysed in Section 4.3.
start of the observation. The flux more than doubles during the
brightening incident that lasts about 90 ks before returning to pre-
flare brightness. Given the duration of the occurrence it is difficult
to draw direct analogies with the very rapid flares seen in AGN that
last only several kilo-seconds.
The flare is present in all energy bands and in examining the
spectral variability as a function of time (Fig. 11) it appears the
hardness ratios between low-energy (< 1 keV) and high-energy
bands (> 3 keV) are approximately constant. However the hard-
ness ratio between the soft and intermediate (2− 3 keV) band does
exhibit hardening during the flare that endures for approximately
90 ks after the brightness diminishes.
Investigating the hardness ratio as a function of count rate be-
fore and after the flare revealed interesting behaviour in one par-
ticular comparison. The spectral variability between the lowest and
highest energy bands appeared to become correlated with the count
rate after the x-ray flare. Fig. 12 (top left panel) shows that prior to
the flare (time segments A, B, and C; black circles) there was no
significant correlation between the count rate and hardness ratio.
However, after the flare (calculate for time segments E, F, G, and
H; red diamonds) the spectrum hardens with increasing count rate.
In addition, both these energy bands are reflection dominated if the
presented reflection scenario is correct.
Similar behaviour was discovered in the NLS1 I Zw 1 (Gallo
et al. 2007), but a clear origin was evasive. The behaviour is often
clearly seen in stellar mass black holes that exhibit proper “state
changes”, but the time scales at which these changes occur in AGN
do not correspond with similar time scales in stellar mass black
holes.
The fractional variability (Fvar) in various energy bands is cal-
culated following Edelson et al. (2002) with the Suzaku light curves
in 5760 s bins. The uncertainties are estimated from Ponti et al.
(2004). The Fvar spectrum (Fig. 13, top panel) exhibits the often
seen bell-shaped curve that is interpreted in the blurred reflection
model as variable power law and less variable reflection component
in a reflection-dominated flux state. Indeed, the peak amplitude in
the Fvar spectrum occurs in the 1.5− 3 keV band where the power
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Figure 11. The hardness ratio (H/S) plotted in various energy bands
(shown in each panel) as a function of time. The vertical dashed lines de-
lineate the same time segments shown in Fig. 10. The red diamonds are the
average HR value in each time segment. The standard deviation on these
points is plotted, but they are smaller than the symbol. Spectral variability
is negligible between the high and low energy bands (bottom two panels),
but there does appear to be spectral hardening during the flare when the soft
and intermediate energy bands are compared (top panel).
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Figure 12. Four different hardness ratios are plotted against corresponding
count rates. Data from before and after the flare are displayed in black open
circles and red diamonds, respectively. The top left panel shows that the
HR and count rate are correlated after the flare, but not before the flare.
law seems to have the most contribution to the spectrum (Fig. 6).
The Fvar spectrum during the 2006 high-flux state was flatter (fig-
ure 11 of Larsson et al. 2008) than during this epoch, which would
be consistent with the spectrum being dominate by a single compo-
nent.
The Fvar spectrum also reveals more complex behaviour.
Overplotted on the spectrum is the Fvar expected if only the nor-
malisation of the power law was responsible for all the variations.
Clearly, the model indicates that arises from variations in more than
one parameter or component. In addition, in Fig. 13 the fractional
variability spectrum is also calculated for times in the light curve
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Figure 13. Top panel: The fraction variability as a function of the energy
is calculated for the entire observation (black open circles) and for all times
excluding the flare (red open squares). The black dashed curve is the ex-
pected Fvar if the variability was entirely due to normalisation changes in
the power law component. Middle panel: The ratio between the two frac-
tional variability spectra (black crosses). The green line is the constant fit
between 2 − 10keV extrapolated to lower energies. Lower panel: The ra-
tio of the difference spectrum between the flaring periods (when count rate
is > 0.6 count s−1 in Fig. 10) and non-flaring times (< 0.5 count s−1 )
fitted with a power law (Γ ≈ 1.6) between 2− 10 keV.
that do not include the flare (approximately all of time segment D)
(red, open squares). While this spectrum shows a very similar shape
to the one that includes all data (black, open circles), the ratio be-
tween the two spectra indicates differences in the soft band below
∼ 2 keV, again reinforcing that changes in power law normalisa-
tion alone are not sufficient to describe the spectral variations.
Similar behaviour is apparent in the difference spectrum taken
when the source was flaring (> 0.6 count s−1 in Fig. 10) and more
stable (< 0.5 count s−1 ) (Fig. 13 lower panel). A power law fitted
to the 2− 10 keV is rather flat (Γ ≈ 1.6) and the ratio shows some
curvature that resembles the broad reflection component. When the
fit is extrapolated to lower energies there are significant deviations
below 1.5 keV.
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Figure 14. First (top, black) and second (bottom, red) principal components
returned from PCA of Mrk 335. The points show the components returned
from the data, and the shaded lines show the results of a simulation of a
power law varying in photon index and normalisation, in the presence of a
constant reflection component.
4.2 Principal component analysis in the low-flux state
We now use PCA to investigate variability in the low state data only.
The amplitude of the variability is lower, so we have to increase the
binning relative to Section 3.3. We use 14 broad energy bins to
improve the signal to noise, but the analysis is otherwise the same
as before.
We find two significant components from our analysis of the
low state, responsible for ∼ 95 and ∼ 1.8 per cent of the variabil-
ity respectively, with the remainder indistinguishable from noise.
These components are shown in Fig. 14. The primary component
is greater than zero at all energies (implying that all bins are corre-
lated), and is suppressed around the energies of the soft excess and
iron line. This component is very similar to the RMS variability
spectrum shown in Fig. 13. The second component shows an anti-
correlation between low and high energies, indicating the presence
of a pivoting effect. These components are qualitatively similar to
those found in MCG–6-30-15 by Parker et al. (2014a), which also
showed a primary component suppressed at these energies by a rel-
atively constant reflection component. However, the degree of sup-
pression is much greater in Mrk 335, as expected given the higher
reflection fraction in this source.
As in Parker et al. (2014b), we next compare the principal
components from the data with those obtained from simulations.
To do this, we simulate a set of 50 30 ks Suzaku spectra based on
the best fit reflection model (Table 3) using the XSPEC command
FAKEIT . We fix all of the parameters apart from the normalisation
and photon index of the power law to their best-fit values. We ran-
domly vary the normalisation of the power law by a factor of three
for each spectrum, and vary the photon index between 1.7 and 2.2.
This set of simulated spectra is then analysed by the PCA code, in
exactly the same fashion as the real data. The resulting components
are plotted in Fig. 14 as shaded regions. As with the examination of
the Fvar spectrum (Fig. 13), it is clear that changes in the power law
alone are not sufficient to explain the first principal component and
suggest that variability in the blurred reflector is likely required.
The model of the second component agrees reasonable well with
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the data indicating that some fraction of the variability could be
attributed to a pivoting power law.
Unlike MCG–6-30-15, we do not find a third order principal
component with a correlated iron line and soft excess. This is likely
to be a noise issue, as such a component has been found in several
other sources which display the same pattern of variability at lower
orders (Parker et al., submitted). We note that the level of noise in
the Mrk 335 analysis is higher than that in the XMM-Newton data
of MCG–6-30-15, so we are unable to probe to as high spectral
or temporal resolution, and are limited to the first two principal
components.
4.3 Time-resolved spectral variability
Sections 4.1 and 4.2 indicate that variability from more than one
component (i.e. the power law component) is required to describe
the rapid spectral variability in the low-flux state of Mrk 335. To
examine further, eight spectra are created from the data in each of
the ∼ 90 ks time segments shown in Fig 10. While this is formally
a spectral analysis based on consecutive time slices of the data it
also constitutes a flux-resolved analysis given the manner in which
the time cuts are done. Specifically, segments B, F, G, H represent
low-flux levels, segments A, C, E represent intermediate flux levels,
and segment D corresponds to the high flux level.
The blurred reflection model is applied to each spectrum be-
tween 0.7 − 10 keV. The PIN data are not fitted, but the model is
extrapolated to higher energies and compared to the average PIN
spectrum over the entire observation. Spectra G and H were found
to be very similar and these two consecutive spectra were fitted si-
multaneously to enhance signal-to-noise. Initially, all the spectra
were fitted with a blurred reflection model in which the power law
normalisation, photon index, and the ionisation parameter of the
reflector were permitted to vary. All other model parameters were
fixed to the average values found in Table 3.
The model described depicts a scenario where the reflector re-
sponds to changes in the power law illumination with variations in
the ionisation parameter. For half of the spectra this produced an
acceptable fit, but in some cases (spectra D, E, G, H), all during or
after the flare, there was significant improvement when the normal-
isation of the reflector was also allowed to vary. For these spectra,
the addition of one free parameter improved the fit by ∆χ2 = 27
for spectra D and E, and 29 for the combined spectrum G/H. The
data/model residuals are shown for each spectrum in Fig. 15. The
spectra are all fitted well (χ2ν ≈ 1) with the described model. Spec-
tra G and H show more significant residuals and enhanced curva-
ture between 2− 10 keV, which could result from the higher back-
ground levels in those lowest flux spectra.
A comparison between some of the parameters derived from
the time-resolved spectral analysis reveals relations that are both
expected and unexpected if we adopt a light bending interpreta-
tion. The lower panel of Fig. 16 demonstrates a preference for a
lower reflection fraction when the power law flux is higher, which
would be anticipated if the bright power law flux is associated with
a primary emitter that is more extended over the disc or at a larger
distance from the black hole. In addition, the more general and
well-known correlation between the steepening photon index and
increasing power law flux (e.g Markowitz et al. 2003) is observed
in the top panel of Fig. 16.
In contrast, Fig. 17 highlights some of the complexities at-
tributed to Mrk 335. If the AGN is in a low-flux level because it
is reflection-dominate then one may expect a clear correlation be-
tween the power law and reflected flux. However, this behaviour
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Figure 15. The residuals (data/model) shown for time-resolved spec-
troscopy as defined in Fig. 10. The blurred reflection model adopted is de-
scribed in the text. The variable parameters in each spectral fit are the power
law index and normalisation, and the reflector normalisation and ionisation
parameter. The spectra are all reasonable fit with χ2ν ≈ 1 − 1.2 in each
case.
is only obviously exhibited in the post-flare data (top panel of
Fig. 17). One would also expect a direct correlation between the
reflected flux and ionisation parameter. In the light bending regime
the reflected flux is a better approximation of how much illuminat-
ing flux the inner disc is exposed to and this value should be cor-
related with the ionisation parameter. However, for Mrk 335 there
appears to be an anti-correlation between these parameters suggest-
ing there may be changes in the geometry of the primary source or
the nature of the reflector. We note a need for caution when adopt-
ing light bending to interpret these results. The time bins used in
the time-resolved analysis are larger (∼ 90 ks) than the variabil-
ity time scales that correspond to the inner few gravitational radii
where light bending is most dominant. However, the complex be-
haviour is comparable to the behaviour of Mrk 335 in the interme-
diate flux state when it was observed with XMM-Newton and more
rapid time scales could be probed (G13).
The time-resolved spectroscopy does potentially explain the
hardness ratio behaviour described in Fig. 12. Using the spectra
from each time segment, the hardness ratio between 7 − 10 keV
and 0.7 − 0.9 keV is calculated for the reflection and power law
component separately, and plotted against the corresponding flux
(Fig. 18). The reflection component appears to exhibit the same be-
haviour observed in Fig. 12. That is, the hardness ratio becomes
correlated with the flux only after the flare. The power law compo-
nent does not exhibit any obvious trends. Changes in the ionisation
parameter and the normalisation of the reflector are needed to fit
the time-resolved spectra after the flare, which could be identifying
changes in the disc or corona structure due to the flare.
5 DISCUSSION
5.1 Long-term variability
Suzaku has observed Mrk 335 on two occasions. In 2006 the AGN
was in a power-law dominated, bright state. Seven-years later a trig-
gered observation caught Mrk 335 in a complex, low-flux state.
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Figure 16. Top panel: The power law flux (between 0.1 − 100 keV) and
photon index are plotted against each other for time-resolved spectral anal-
ysis. The trend between steepening photon index and increasing flux is ap-
parent. Lower panel: The reflection fraction (R) plotted against power law
flux showing a preference for lower R at higher continuum flux. The filled
red diamonds identify the post-flare data (segments E,F,G/H).
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Figure 17. The reflected flux (between 0.1−100keV) is plotted against the
0.1− 100 keV power law flux (top panel) and the ionisation parameter (ξ).
The filled red diamonds identify the post-flare data (segments E,F,G/H).
While the spectra below 10 keV were significantly different, the
15− 40 keV PIN spectra were comparable at both epochs.
Fitting the spectra in a self-consistent manner was difficult
with partial covering models that have been previously suggested
for this source (e.g. Grupe et al. 2008; G12). The high-flux spec-
trum could result from a continuum-dominated source without any
line-of-sight absorption. The narrow, neutral iron emission line and
some of the 15 − 40 keV flux could be attributed to scattered and
reflected emission from the absorbing medium outside the line-of-
sight. However, attempts to reproduce the low-flux spectrum by
simply changing the line-of-sight absorption were not successful.
The addition of two more partial covering absorbers (one ionised
and one neutral) improves the fit quality, but still not to the level
of the blurred reflection model. Allowing the primary continuum to
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Figure 18. The hardness ratio between 7 − 10 keV and 0.7 − 0.9keV
is plotted against the flux in the combined band for the reflection compo-
nent (left panel) and the power law component (right panel). The filled red
diamonds identify the post-flare data (segments E,F,G/H). The correla-
tion between HR and flux that is present in Fig. 12 after the flare seems
present in the reflection component, but not the power law component. The
dashed line in the left panel is the best linear fit to the post-flare data (red
diamonds).
vary in addition to the partial covering was also attempted. While
more statistically acceptable fits were obtained, the models required
significant changes in the shape of the power law component (e.g.
inverted in some cases) to account for the significant curvature in
the intermediate band (i.e. ∼ 2 − 6 keV) and high flux between
∼ 15 − 40 keV that remained constant in the high- and low-flux
state.
Blurred reflection models describe the high- and low-flux
spectra rather well and in a self-consistent manner. The object
is clearly power-law dominated during the high state whereas
Mrk 335 becomes reflection dominated in the low state when the
corona becomes more compact and the source flux diminishes by
∼ 10 in the 0.7 − 10 keV band. As expected, the power law hard-
ens slightly as its flux drops. We also considered the possibility the
X-ray emission in Mrk 335 arises as described in the blurred re-
flection model, but that the transition to low state is attributed to
absorption. Such models were only successful if significant vari-
ability of the primary component was also permitted and always
resulted in a reflection dominated system. Such a scenario can not
be definitively ruled out given the significant degeneracy arising
from over-modelling of the data, but appears rather ad hoc.
Both reflection and partial covering models in the low state
require modification by a highly-ionised absorber based on the de-
tection of an absorption-like feature at about 7 keV. The feature
could be attributed to the hot medium in the multi-zone warm ab-
sorber detected in Mrk 335 during the 2011 observation when the
source was in an intermediate-flux state (L13). In fact, including
only the hottest component of the multi-zone warm absorber found
in 2011 with the same parameters used by G13 significantly im-
proved the reflection model. The partial covering model exhibited
a much stronger feature requiring the column density of the hot
medium to have become 10× higher than it was in 2009.
The blurred reflection scenario appears to be a simpler model,
but still reveals some challenges. When the high- and low-flux
spectra are fitted separately both prefer a different combination of
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iron abundance and black hole spin parameter even though all other
parameters are comparable between the two flux states. The fit de-
generacy between iron abundance and spin has been recognised in
a number of previous works (e.g. Reynolds et al. 2012; Walton et
al. 2013). The challenge in modelling two very different looking
spectra with the same parameters is brought to the forefront in this
work. However, it is important to note that for both flux states the
measurements favour an iron overabundance and a nearly maxi-
mum black hole spin. Simulations by Dauser et al. (2014) seem
to support the higher spin value measured during the low-flux state
(a = 0.995). Dauser et al. argue that high reflection fractions in ex-
cess of 2 can only be achieved for rapidly spinning black holes. The
reflection fraction of R ≈ 8 in the low-flux observation requires a
spin parameter a > 0.96 assuming the accretion disc extends down
to the ISCO, which is inconsistent with the lower value of ∼ 0.93
measured in the high-flux state. Conservatively, if we were to con-
sider the combined range of possible values measured from both
independent fits Mrk 335 requires an iron abundance that is a fac-
tor of ∼ 2 − 7 above solar and a spin parameter a > 0.91. The
results are consistent with previous measurements of Mrk 335 us-
ing data from different telescopes and with the AGN in different
flux states (e.g. Parker et al. 2014; G13; Walton et al. 2013).
The reflection fraction during the high-flux observation is ex-
tremely low and inconsistent if considering a compact, isotropic
emitting source irradiating an infinite plane-parallel disc. One could
consider the possibility that the primary source is perhaps the base
of a jet that is moving away from the disc at mildly relativistic
speeds (e.g. Reynolds & Fabian 1997; Beloborodov 1999). With the
primarily emission being beamed away from the disc the observer
would see a lower reflection fraction and brighter source. The sit-
uation has been proposed to describe the low reflection fraction in
Cyg X-1 (Beloborodov 1999) as well as other radio-quiet Seyfert
galaxies like Mrk 335 (e.g. Gallo et al. 2011b). From equation (3)
of Beloborodov (1999), R = (1 − β/2)(1 − β cos i)3/(1 + β)2,
the bulk velocity of the illuminating blob of material (β = v/c)
is related to R, where i is the inclination of the system. Adopting
i = 60◦ and R = 0.34 as found in Sect. 3.4 renders β ≈ 0.28.
The velocity is similar to what was reported by Liu et al. (2014)
who suggest the X-ray emission in some AGN can be attributed to
a bipolar outflowing corona with bulk velocities of β ≈ 0.3 − 0.5.
Since Mrk 335 is radio-quiet the material likely does not escape
(e.g. Ghisellini et al. 2004), which would imply the launch point is
within approximately 26 rg from the black hole. The result is com-
parable to the height of the source above the accretion disc that was
measured in Section 3.4 (h = 23+6
−4 rg).
The jet interpretation during the high-flux levels is consistent
with the analysis of the emissivity profile. In the high-flux obser-
vation the emissivity profile falls off steeply to about 3 rg at which
point the profile flattens considerable to r−2 over the extent of the
disc. Wilkins & Fabian (2012) note that such a profile is consistent
with coronal emission that is being collimated away from the disc.
From the spectral analysis, the putative jet should be confined to
within 25 rg if the material does not escape the system. Longinotti
et al. (2007) report possible inflowing material in an XMM-Newton
observation of Mrk 335 that could be consistent with matter falling
back down on the disc. Mrk 335 is radio-quiet, but not radio-silent
thus it is possible that material could be ejected from the system
on occasion. We note the emissivity profile shown in Fig. 7 for
the high state indicates there is significant illumination of the inner
accretion disc. This emphasizes the difficulty in describing the pri-
mary X-ray source as a point source, and implies that it likely has
some vertical extent.
The spectral modelling in Sect. 3.4, shows that the contribu-
tion of the power law component to the spectrum has diminished by
a factor of ten in the low flux observation, and the spectrum is now
reflection-dominated. A possible explanation of the lags in Fig. 2 is
that the continuum lags have been mirrored by the reflection com-
ponent. In this picture, hard lags in the power-law continuum can
be thought of as a series of soft flares followed, after some delay,
by hard flares. The soft flares produce a relatively soft reflection
spectrum while the hard flares produce a relatively harder reflec-
tion spectrum (see for example figure 6 in Garcı´a et al. 2013). The
result is the reflection spectrum itself as a whole will have hard
lags.
5.2 Mrk 335 in the low-flux state
The 2013 Suzaku data mark the longest observation of Mrk 335
in a low-flux state and permit the most detailed analysis of its be-
haviour at low-flux levels. Various lines of study used in this work
(hardness ratios, Fvar, principal component analysis) support the
reflection dominated interpretation for the NLS1. Analysis of the
emissivity profile indicate the corona is compact during the low-
flux extending out only to about 5 rg. The variability in the low
state is mostly driven by the power law component, but not ex-
clusively, and variability of the blurred reflection emission is also
required.
The flare-like feature in the middle of the light curve seems to
mark a transition in the variability behaviour of Mrk 335. Specif-
ically, one hardness ratio (7 − 10 keV/0.7 − 0.9 keV) becomes
correlated with brightness only after the flare. Interestingly, both
energy bands should be dominated by the reflection component.
Slicing the data into consecutive time-bins of approximately 90 ks
duration, the time-resolved spectra were examined to study the
time evolution of various parameters. One particular relation that
stands out after the flare, but not obviously prior to it, is an anti-
correlation between the disc ionisation parameter and the reflected
flux (or alternatively the reflection fraction). Essentially, as the flux
increases the soft excess diminishes because the ionisation param-
eter increases. Taken at face value, it was shown in Fig. 17 that
this behaviour could account for observed post-flare correlation be-
tween hardness ratio and count rate. The change in the shape of
the soft-excess could also explain the discrepancies in the PCA
(Fig. 14) and Fvar (Fig. 13) model fits. Similar behaviour was ob-
served in another NLS1, I Zw 1 (Gallo et al. 2007) indicating that
such behaviour may not be rare.
The origin of the behaviour is not obvious. The reflected flux
should indicate the level of power law illumination seen by the disc.
As more light shines on the disc, more light should be reflected off
the disc, but also the ionisation parameter should increase. Thus,
one would expect the reflected flux and ionisation parameter to be
correlated. The anti-correlation possibly triggered by the flare could
suggests something about the disc structure. If the flare is associ-
ated with some ejection of disc material then this could temporar-
ily change (i.e. decrease) the density of the inner disc and raise the
ionisation parameter. Alternatively, and more simply, if the primary
emitter becomes more compact the ionising flux would concentrate
on the inner part of the disc making that region highly ionised, but
the average ionisation parameter that is measured would be low.
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6 CONCLUSIONS
We have reported the deepest X-ray observation of the NLS1
Mrk 335 in the low-flux state and made comparison with the source
when it was∼ 10× brighter in 2006. Describing the high- and low-
flux spectra self-consistently seems challenging with partial cov-
ering models. Blurred reflection from an accretion disc around a
nearly maximum spinning black hole appears more likely and is
consistent with long-term and rapid variability.
The high-flux Suzaku observation of Mrk 335 is consistent
with continuum-dominated, jet-like emission. It can be argued that
the ejecta must be confined to within ∼ 25 rg if it does not es-
cape the system. Longinotti et al. (2007) have made claims of
high-velocity inflowing material in an XMM-Newton observation of
Mrk 335, which could be consistent with the material not reaching
the escape velocity and raining back down toward the disc. Simul-
taneous X-ray and radio monitoring of Mrk 335 to investigate jet
activity would be fruitful.
During the low-flux the corona becomes compact and only
extends to about 5 rg from the black hole, and the spectrum be-
comes reflection-dominated. The variability is dominated by the
power law component, but changes in the reflector (primarily the
ionisation parameter) over time are required.
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